Bender SB, Newcomer SC, Laughlin MH. Differential vulnerability of skeletal muscle feed arteries to dysfunction in insulin resistance: impact of fiber type and daily activity. Am J Physiol Heart Circ Physiol 300: H1434 -H1441, 2011. First published February 11, 2011 doi:10.1152/ajpheart.01093.2010.-Functional and structural heterogeneity exists among skeletal muscle vascular beds related, in part, to muscle fiber type composition. This study was designed to delineate whether the vulnerability to vascular dysfunction in insulin resistance is uniformly distributed among skeletal muscle vasculatures and whether physical activity modifies this vulnerability. Obese, hyperphagic Otsuka Long-Evans Tokushima fatty rats (20 wk old) were sedentary (OSED) or physically active (OPA; access to running wheels) and compared with age-matched sedentary Long-Evans Tokushima Otsuka (LSED) rats. Vascular responses were determined in isolated, pressurized feed arteries from fast-twitch gastrocnemius (GFAs) and slow-twitch soleus (SFAs) muscles. OSED animals were obese, insulin resistant, and hypertriglyceridemic, traits absent in LSED and OPA rats. GFAs from OSED animals exhibited depressed dilation to ACh, but not sodium nitroprusside, and enhanced vasoconstriction to endothelin-1 (ET-1), but not phenylephrine, compared with those in LSED. Immunoblot analysis suggests reduced endothelial nitric oxide synthase phosphorylation at Ser1177 and endothelin subtype A receptor expression in OSED GFAs. Physical activity prevented reduced nitric oxide-dependent dilation to ACh, but not enhanced ET-1 vasoconstriction, in GFA from OPA animals. Conversely, vasoreactivity of SFAs to ACh and ET-1 were principally similar in all groups, whereas dilation to sodium nitroprusside was enhanced in OSED and OPA rats. These data demonstrate, for the first time, that SFAs from insulin-resistant rats exhibit reduced vulnerability to dysfunction versus GFAs and that physical activity largely prevents GFA dysfunction. We conclude that these results demonstrate that vascular dysfunction associated with insulin resistance is heterogeneously distributed across skeletal muscle vasculatures related, in part, to muscle fiber type and activity level.
VASCULAR DYSFUNCTION associated with insulin resistance is characterized by impaired endothelium-dependent dilation, enhanced sensitivity to vasoconstrictors, and microvascular rarefaction (15, 22, 38) . These detrimental changes contribute to attenuated resting skeletal muscle blood flow and functional hyperemia in this state, thereby compromising the effective matching of perfusion with metabolic demand (4, 6, 14, 28, 45) . Previous work from our laboratory demonstrates that local hemodynamic environments and vascular reactivity vary dramatically in the skeletal muscle microcirculation perfusing muscles of different fiber types (i.e., oxidative vs. glycolytic) (1, 3, 32, 42) . Given the established role of local hemodynamics in determining/modulating endothelial phenotype (12, 19, 31) , we investigated whether these variations infer differential vulnerability of skeletal muscle vascular beds to the development of dysfunction in insulin resistance.
Blood flow to the primarily slow-twitch oxidative soleus muscle is two-to fourfold greater than that to the primarily fast-twitch glycolytic gastrocnemius muscle in standing rats (3) . Much of this difference is due to recruitment of the soleus during standing/walking versus the gastrocnemius that is recruited during heavier activity (i.e., running) (3). Indeed, during treadmill exercise, blood flows to the soleus and gastrocnemius muscles are relatively similar (3) . The high resting blood flow/shear stress in the soleus feed artery (SFA) is critical for the maintenance of endothelium-dependent dilation and endothelial nitric oxide (NO) synthase (eNOS) expression in this vessel (3, 43, 44) . Furthermore, exercise training does not enhance endothelium-dependent dilation or eNOS expression in the SFA but increases eNOS expression in the gastrocnemius feed artery (GFA) (24, 32) . Thus it appears that local hemodynamics produce an exercise-training-like phenotype of the SFA.
Physical activity and exercise training appear to be effective in treating/preventing the functional and structural alterations in skeletal muscle vessels of diabetic rats and the forearm circulation of diabetic patients (15, 36, 46) . Exercise-induced increases in shear stress and reduction of comorbidities are believed to contribute to the maintenance/restoration of vascular function (22, 26) . As discussed above, evidence suggests that exercise-induced benefits are most pronounced in vessels experiencing the greatest relative increase in blood flow during exercise such as the GFA. Therefore, given the exercisetraining-like phenotype of the SFA, we examined the hypotheses that the vascular dysfunction associated with insulin resistance 1) is attenuated in SFAs compared with GFAs and 2) is prevented in both vessels in response to daily wheelrunning activity. These hypotheses were examined in isolated GFAs and SFAs from insulin-resistant Otsuka LongEvans Tokushima fatty (OLETF) rats and control LongEvans Tokushima Otsuka (LETO) rats. Vascular responses to NO-dependent and -independent dilators as well as to vasoconstrictors known to be upregulated by insulin resistance, particularly endothelin-1 (ET-1), were examined as indicators of vascular health/dysfunction.
METHODS

Animals
All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Missouri. Male OLETF and LETO rats (4 wk of age) were kindly supplied by the Tokushima Research Institute, Otsuka Pharmaceutical (Tokushima, Japan). OLETF rats were randomly designated as sedentary (OSED) or physically active (OPA). All non-insulin resistant LETO animals were sedentary (LSED). OPA animals were housed (at 4 wk) in cages equipped with voluntary running wheels outfitted with a bicycle computer to measure daily running activity. Voluntary running was selected to approximate the natural activity state of the animal, similar to a previous study (34) . Animals were housed in a temperaturecontrolled room (12-h:12-h light-dark cycle) and provided water and standard rodent chow (Formulab 5008, Purina Mills, St Louis, MO) ad libitum.
At 20 wk of age, rats were anesthetized (pentobarbital sodium, 100 mg/kg) and euthanized by exsanguination 5 h after locking of the running wheels (OPA) and removal of food from cages (all groups). Body weight and percent body fat were determined and blood samples obtained for the determination of plasma glucose, insulin, triglycerides, and NO x (NO2 and NO3), as recently described (11) . Aortas from the animals used in the present study were used for a recently published study (11) .
Isolation of Feed Arteries
GFAs and SFAs were isolated as previously described (42) and placed in ice-cold MOPS-buffered physiological saline solution (PSS) containing (in mM) 145.0 NaCl, 5.2 KCl, 2.0 CaCl2, 1.17 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, and 25.0 MOPS at pH 7.4. Vasomotor responses were determined in one GFA and SFA per animal. Feed arteries from the contralateral leg were isolated and frozen (Ϫ80°C) for immunoblot analysis.
Determination of Vasomotor Responses
Preparation of arteries. Following isolation, feed arteries were cannulated with resistance-matched (Ͻ1% difference in electrical resistance) glass micropipettes, secured at each end with 9-0 ophthalmic suture and attached to separate reservoirs containing PSS plus albumin (1 g/100 ml) that were adjusted to achieve an approximate in vivo intraluminal pressure of 90 cmH 2O (41) . Arteries were equilibrated for ϳ1 h at 37°C and visualized on an inverted microscope, and luminal diameters were measured with a videomicrometer. Arteries with leaks were discarded. Following equilibration, arteries were preconstricted with phenylephrine (PE) to achieve 30 -60% tone for examination of vasomotor responses.
Vasomotor responses. Endothelium-dependent dilation of feed arteries was determined in response to acetylcholine (ACh; 1 nM-10 mM). Responses to the endothelium-independent dilator and NOdonor sodium nitroprusside (SNP; 1 nM-10 mM) and the vasoconstrictor ET-1 (0.1-10 nM) were also determined. In a separate set of experiments, arteries were pretreated with the NO synthase (NOS) inhibitor N G -nitro-L-arginine methyl ester (L-NAME; 300 M) for 30 min before ACh concentration response curves but after initial preconstriction with PE. At the end of each experiment, the PSS bath solution was replaced with Ca 2ϩ -free PSS to determine maximal passive diameter.
Drugs and Solutions
All drugs and solutions were obtained from Sigma (St. Louis, MO). PSS solutions and drugs were prepared before the study, frozen, and thawed each day. SNP was prepared on the day of the experiment.
Immunoblot Analysis
To obtain sufficient protein for immunoblot analysis, GFAs from three different animals were pooled for each sample and prepared similar to a previous study (8) . Briefly, pooled feed artery samples were digested and the total protein content of each sample determined using a NanoOrange protein quantitation kit (Invitrogen). Ten micrograms protein/lane were separated by 12% SDS-PAGE, transferred to polyvinylidene diflouride membranes, and blocked in 5% nonfat milk-Tris-buffered saline-Tween-20 solution for 1 h. Rat brain tissue extract (Assay Designs) and rat lung were used as positive controls. Primary antibodies (in 5% nonfat milk-Tris-buffered saline-Tween-20 solution) targeting eNOS (140 kDa; 1:1,000; BD Transduction), Ser1177 phosphorylated eNOS (p-eNOS; 140 kDa; 1:250; BD Transduction), and endothelin subtype A (ET A; 29 kDa; 1:500; Sigma) and subtype B (ETB; 40 kDa; 1:500; Sigma) receptors were incubated overnight at room temperature (eNOS, p-eNOS) or 4°C (ETA, ETB), followed by incubation with secondary antibody conjugated to horseradish peroxidase. After the membranes were probed for p-eNOS, the membranes were stripped with stripping buffer (50°C, 30 min) and reprobed with the eNOS antibody. The ratio of p-eNOS to eNOS was subsequently determined. Protein was detected by enhanced chemiluminescence (SuperSignal Extended Duration Substrate, Thermo Scientific) and analyzed by densitometry on a Kodak Image Station 4000R. Equal loading of protein across lanes was confirmed by Coomassie staining.
Data Analysis and Statistics
Data are presented as means Ϯ SE. Dilator responses are presented as percent maximal dilation, calculated as [(
where Dd is diameter after a drug intervention, Db is baseline diameter, and Dmax is maximal passive diameter. The NOSdependent component of ACh dilation was calculated as the difference between dose-dependent responses to ACh in the absence and presence of L-NAME. Constrictor responses presented as percent possible constriction calculated as [(D b Ϫ Dd)/Db]·100. Statistical analysis was performed with one-or two-way ANOVA with a Tukey post hoc analysis in SigmaStat, as appropriate. A P value Ͻ 0.05 was considered significant.
RESULTS
Animal Characteristics
Phenotypic data for the 20-wk-old animals used in this study were previously published in a study that used aortas from these animals (11) . When compared with LSED animals, OSED animals are obese (body weight, 478 Ϯ 7 vs. 607 Ϯ 11 g; and percent body fat, 16 Ϯ 1 vs. 30 Ϯ 1%; P Ͻ 0.05) and insulin resistant (fasting plasma glucose, 331 Ϯ 38 vs. 542 Ϯ 58 mg/dl; and fasting plasma insulin, 9 Ϯ 1 vs. 13 Ϯ 1 ng/ml; P Ͻ 0.05) and have elevated plasma triglycerides (43 Ϯ 4 vs. 177 Ϯ 25 mg/dl, P Ͻ 0.05) and reduced plasma NO x levels (12 Ϯ 1 vs. 7 Ϯ 1 nM/ml media, P Ͻ 0.05) (11) . Plasma variables were measured after a 5-h fast and in many cases do not represent fully fasted values. Together with issues such as stressful transport of animals between buildings before death, this likely contributes to the elevation of plasma glucose in LSED animals compared with those in previous reports (18, 20) . LSED animals are not chronically hyperglycemic at 20 wk of age, however, as demonstrated by normal HbA1c levels (4.6% vs. 5.4% in OSED, P Ͻ 0.05) (39) .
Average daily wheel-running distance for OPA animals peaked at 9 wk of age at 10.7 Ϯ 0.3 km/day and declined to 5.3 Ϯ 0.2 km/day at 20 wk of age. OPA animals exhibited elevated red gastrocnemius citrate synthase activity (335 Ϯ 32 nmol·min Ϫ1 ·g Ϫ1 , P Ͻ 0.05) compared with LSED and OSED (271 Ϯ 31 and 253 Ϯ 21 nmol·min Ϫ1 ·g Ϫ1 ) animals, respectively (11) . Daily physical activity maintained body weight (435 Ϯ 11 g), percent body fat (11 Ϯ 2%), fasting plasma glucose (380 Ϯ 53 mg/dl), insulin (10 Ϯ 1 ng/ml), and triglycerides (71 Ϯ 11 mg/dl) at levels similar to those of LSED rats. Plasma NO x levels, however, were not maintained by physical activity and were similar to OSED values (6 Ϯ 1 nM/ml media) (11) .
Feed Artery Characteristics
Maximal diameters (Table 1 ) and the concentration of PE necessary for preconstriction (0.55 M for GFAs, and 0.25 M for SFAs) were similar for each vessel. OPA GFAs exhibited greater PE-induced tone than OSED GFAs (Table 1) . PE-induced tone was similar for SFAs from the groups.
Feed Artery Vasomotor Responses
Endothelium-dependent vasodilation. In GFAs, vasomotor responses to ACh doses above 1 M were excluded because they induced vasoconstriction. Maximal ACh-induced dilation (1 M ACh) was attenuated in OSED compared with LSED rats in GFAs (45 Ϯ 7 vs. 83 Ϯ 5%, P Ͻ 0.05; Fig. 1 ). Maximal dilation to ACh was maintained in GFAs from OPA rats (78 Ϯ 5%, Fig. 1 ) similar to LSED rats. Conversely, maximal dilation to ACh (10 mM) in SFAs was similar between all groups (Fig. 1) .
Previous work has demonstrated that endothelium-dependent dilation is acutely enhanced by a single bout of exercise (21) . To examine the possibility that enhanced ACh-induced dilation of OPA GFA acutely resulted from the last exercise bout, a subset of OPA rats (n ϭ 5) were made inactive for 53 h before death. In the GFAs from these animals, ACh-mediated dilation was comparable with that after 5 h of inactivity (data not shown); therefore, the maintenance of endothelial function by physical activity likely represents a chronic adaptation rather than an acute exercise effect.
Endothelium-independent vasodilation. Dilation to SNP was similar among treatment groups in GFAs (Fig. 3B) . In SFAs, dilation to SNP was greater in OSED and OPA rats compared with LSED rats (P Ͻ 0.05; Fig. 4C) .
Vasoconstrictor responses. Constrictor responses to ET-1 were enhanced in both OLETF groups (OSED and OPA) compared with the LSED group in GFAs (Fig. 2) . Maximal ET-1 constriction (10 nM) was 80 Ϯ 3% in OSED, 74 Ϯ 6% in OPA, and 46 Ϯ 10% in LSED rats. This does not appear to represent a generalized enhancement of GFA vasoconstrictor responses since vasoconstriction to the ␣ 1 -adrenergic agonist PE was not different in GFAs from all groups (data not shown). In SFAs, ET-1-induced vasoconstriction was similar among groups (Fig. 2) .
Role of NO in vasomotor responses. In GFAs, NOS blockade with L-NAME similarly increased baseline tone among groups (14 Ϯ 5% in LSED, 16 Ϯ 12% in OSED, and 24 Ϯ 8% in OPA). NOS blockade significantly reduced ACh-mediated dilation in GFAs and abolished group differences in dilation to ACh (Fig. 3A) . In SFAs, NOS blockade increased baseline tone by 21 Ϯ 7% in LSED, 16 Ϯ 3% in OSED, and 4 Ϯ 4% in OPA 
Values are means Ϯ SE; n, sample size. GFA, gastrocnemius feed artery; SFA, soleus feed artery; LSED, Long-Evans Tokushima Otsuka rat; OSED and OPA, Otsuka Long-Evans Tokushima fatty rats that are sedentary and physically active, respectively. *P Ͻ 0.05 vs. OSED. rats (P Ͻ 0.05, LSED vs. OPA) and had differential effects on ACh-induced dilation in SFAs (Fig. 4A) . NOS blockade revealed an enhanced NO-dependent component of ACh-mediated dilation of SFAs in OSED versus LSED and OPA rats (Fig. 4B) . These data reveal that the mechanisms mediating SFA dilation to ACh differ across groups.
Immunoblot Analysis
The noted changes in GFA reactivity in response to insulin resistance and physical activity were further examined via immunoblot analysis of proteins relevant to NO and ET-1-mediated vascular responses. Immunoblot results for p-eNOS (140 kDa), eNOS (140 kDa), ET A (29 kDa), and ET B (40 kDa) receptors revealed isolated bands for each protein at the anticipated molecular weight, according to the manufacturer's specifications. Because of the necessity to pool vessels, four lanes of GFAs (3 vessels/lane) from each group were examined, representing 12 animals/group. Statistical power is reduced due to pooling feed arteries such that n ϭ 12 vessels is reduced to n ϭ 4 lanes for analysis. Figure 5 presents GFA gels probed for ET A and ET B receptors. In GFAs (Fig. 5) , ET A and ET B receptor protein expression was not statistically different among groups. Furthermore, as shown in Fig. 6 , the p-eNOSto-eNOS ratio was lower in OSED GFAs compared with those of LSED and OPA rats but was also not statistically significant. There were no differences in total eNOS protein content of the GFAs among groups; thus this trend appears to be driven by potential differences in eNOS phosphorylation at Ser1177.
DISCUSSION
This study examined whether differences in muscle fiber type composition (and related differences in recruitment patterns and local hemodynamics) are associated with the vulnerability of skeletal muscle vascular beds to vascular dysfunction in insulin resistance. The principal findings are that the insulinresistant OLETF rat exhibits 1) attenuated endothelium-dependent dilation of GFAs but not SFAs and 2) enhanced ET-1-mediated vasoconstriction in GFAs but not SFAs and that 3) daily physical activity prevents endothelial dysfunction, but not enhanced ET-1 vasoconstriction, in GFAs. These results support our hypothesis that arteries perfusing muscles of different fiber types are differentially susceptible to the vascular dysfunction associated with insulin resistance. Furthermore, they demonstrate that physical activity prevents some, but not all, functional consequences of insulin resistance-associated vascular dysfunction.
Effect of Fiber Type
Previous work has demonstrated differential vascular reactivity of vessels perfusing primarily slow-twitch oxidative (i.e., soleus) and fast-twitch glycolytic (i.e., gastrocnemius) muscles (1, 13, 32, 37, 42) . Our results extend these findings by revealing that the SFA demonstrates a reduced vulnerability to the vascular dysfunction associated with insulin resistance compared with the GFA. Specifically, the attenuated AChmediated dilation and enhanced ET-1-mediated constriction observed in the GFA are absent in the SFA of insulin-resistant OSED animals. Recently, our laboratory demonstrated no decrement in ACh-mediated dilation of the abdominal aorta from the same animals used in the present study (11) . These combined results highlight that caution must be exercised in generalizing results from the aorta as representative of other arteries (11) .
Reduced NO bioavailability is a hallmark of endothelial dysfunction in insulin resistance (38) . Our results are consistent with this being the primary cause of reduced endotheliumdependent dilation of the GFA of OSED animals. Plasma NO x levels were reduced in OSED compared with LSED animals, indicating a systemic reduction in NO release. In the isolated GFA, NOS inhibition abolished between-group differences in ACh-mediated dilation, whereas SNP sensitivities were un- changed in LSED and OSED animals. These data clearly demonstrate that a reduction in NO bioavailability rather than reduced GFA sensitivity to NO accounts for the attenuation of ACh dilation in this vessel. Our immunoblot results suggest that this may be due to attenuated NO production, owing to reduced eNOS phosphorylation at Ser1177. This observation is consistent with previous studies that report attenuated methacholine-stimulated NO release in aorta from the obese Zucker rat (16, 17) . Other factors such as increased superoxide scavenging of NO or eNOS uncoupling, however, cannot be ruled out. Indeed, previous work has demonstrated a partial restoration of skeletal muscle arteriolar dilation to ACh following treatment with exogenous antioxidants (14, 16) . Reduced levels of tetrahydrobiopterin, a necessary eNOS cofactor, in insulin resistance may also contribute via eNOS uncoupling and oxidant production (38) .
Reduced NO bioavailability in OSED GFAs may also contribute to the enhanced vasoconstriction to ET-1 in these vessels, given the influence of NO on vascular reactivity to ET-1 (33) . Furthermore, our results suggest that ET A receptor expression is reduced or not altered in OSED GFAs, clearly showing that increased ET A receptor numbers are not involved. Enhanced ET B receptor expression in GFA smooth muscle may also contribute to this; however, immunoblot data from intact GFAs as used in this study cannot differentiate changes in endothelial versus smooth muscle ET B expression. Thus these observations suggest that an increased sensitivity of GFA ET A receptors or possibly increased smooth muscle ET B expression may occur in insulin resistance. Similar ET A sensitization and enhanced ET B -mediated vascular tone have been previously reported in the canine and mouse coronary circulation, respectively (7, 29) . This is consistent with the widespread findings of increased basal vascular tone and enhanced sensitivity to vasoconstrictors, especially ET-1, in models of insulin resistance (7, 14, 35 ). Our results demonstrate, however, that the enhanced ET-1 constriction is not indicative of a generalized increase in vasoconstrictor sensitivity since constriction to the ␣ 1 -adrenergic agonist PE was not enhanced in OSED GFAs. Similar findings of differential vasoconstrictor sensitivity in insulin resistance have been reported, and a recent study suggests that this may result from temporal shifts in vasoconstrictor sensitivity during the onset and progression of diabetes (7, 35) .
In contrast to the GFAs, endothelium-dependent dilation and ET-1-mediated constriction of the SFAs from OSED animals was comparable with that in SFAs from control LSED animals. Pretreatment of these vessels with L-NAME revealed that whereas the overall dilation to ACh is maintained, the mechanisms mediating this dilation are altered by insulin resistance. Specifically, we demonstrate that the NO-dependent component of ACh-mediated dilation is enhanced in SFAs from OSED animals, at least in part, due to enhanced smooth muscle sensitivity to NO. Together, our results suggest that the maintenance of ACh-mediated dilation in OSED SFAs is due to compensatory shifts in the pathways activated by ACh, thus making the SFAs less vulnerable to dysfunction induced by insulin resistance than the GFAs. The underlying cause of this shift is unclear but may result from enhanced soluble guanylate cyclase sensitivity induced by reduced NO bioavailability or enhanced oxidative stress (5, 10, 25) . It remains unclear whether this shift represents early insulin resistance-induced dysfunction of the SFAs, which is compensated for by increased smooth muscle sensitivity to NO. Additionally, our data stimulate interest in whether the noted changes in both the GFA and SFA impact on the control of skeletal muscle blood flow during activity/exercise, and future studies are needed to more directly address this issue.
Our results reveal, for the first time, that the feed artery of slow-twitch oxidative muscle is less vulnerable to the development of dysfunction associated with insulin resistance than that of fast-twitch glycolytic muscle. The mechanisms mediating this differential vulnerability are not known, but based on previous data from our laboratory, we posit the concept that the SFA demonstrates an exercise-training-like vascular phenotype at rest and is likely less susceptible to dysfunction in disease (17, 26, 46) . The soleus vasculature does not exhibit enhanced vasomotor function following exercise training in contrast to marked enhancements in the gastrocnemius vasculature (24, 32, 37) . We believe that differences in local hemodynamics of the SFA and GFA are primary contributors to these differences. Specifically, blood flow to the soleus is two to fourfold greater than that to the gastrocnemius in a standing rat due mostly to the recruitment of the soleus as a postural muscle during standing/walking (3, 23) . This high resting blood flow and shear stress in the SFA are critical for the maintenance of endothelium-dependent dilation and eNOS expression in this vessel (3, 43, 44) . Furthermore, blood flow increases in the soleus are relatively mild during moderate-to high-intensity exercise compared with those measured in the gastrocnemius (3). Thus we argue that the SFA exhibits an exercise-training-like phenotype in response to normal cage activity, which infers a reduced vulnerability to the dysfunction associated with insulin resistance relative to that in the GFA.
Effect of Physical Activity
Increased daily physical activity is associated with the prevention/reversal of insulin resistance and associated cardiovascular events (26, 30) . Thus exercise prescription is recommended for obese, insulin-resistant and diabetic patients (2) . Mechanistically, physical activity may positively impact the vascular wall directly via episodic increases in shear stress and indirectly via reduction of comorbidities often associated with insulin resistance (i.e., hyperglycemia, hypercholesterolemia) (26) . We have previously demonstrated that endurance and interval sprint training enhance vascular function of the gastrocnemius, but not soleus, vasculature of healthy animals (32, 37) . Here we extend these findings by demonstrating that daily wheel running is sufficient to prevent the declines/changes in endothelial function associated with insulin resistance in GFAs and SFAs.
The OLETF rat is a unique model of obesity and insulin resistance in that it displays high levels of spontaneous activity on running wheels, a quality absent in other obese animal models (40) . Indeed, with unlimited access to running wheels, OPA rats ran ϳ8 km/day, encompassing ϳ4 h/day of activity throughout the 16 wk of this study. This type of activity approximates the natural activity state of these animals and prevented the development of obesity and insulin resistance, confirming previous studies (11, 34) . Our data further demonstrate that daily physical activity prevents declines in AChmediated dilation of the GFA via maintenance of NO bioavail-ability and possibly eNOS phosphorylation at Ser1177. Daily activity also prevented the increased NO-dependent component of ACh-mediated dilation of the SFA. Therefore, regarding endothelium-dependent dilation of skeletal muscle feed arteries, OPA animals exhibited responses similar to those in control LSED animals. Whether the maintenance of endothelial function results from the vascular benefits of activity, the prevention of other systemic risk factors or a combination of the two remains unclear. The differential distribution of vascular dysfunction associated with insulin resistance (i.e., present in the GFA but not the SFA) coupled with the maintenance of GFA function by physical activity supports the former. In other words, if the dysfunction seen in OSED animals were induced by systemic risk factors, we would expect to find similar dysfunction in the GFA and SFA. Thus our data argue that the distinctive local hemodynamic environments of the GFA and SFA are a primary contributor to the differential vulnerabilities of these vessels to dysfunction in insulin resistance. If shear stress in the GFA is increased by increased blood flow during physical activity, as we would expect, our results in OPA GFAs are consistent with studies demonstrating that elevations in shear rate are able to increase, or in our case maintain, eNOS levels, phosphorylation at Ser1177, and agonist-mediated NO production (31) . Physical activity did not prevent the enhancement of ET-1-mediated constriction in the GFA seen in the OSED animals. This may indicate the presence of other elevated systemic risk factors that impact ET-1 vasoreactivity (i.e., cytokines, adipokines) in OPA animals. Surprisingly, wheel running did not prevent the reduction of plasma NO x levels, a marker of systemic basal NO release, thereby suggesting that this type of activity may not prevent endothelial dysfunction in all vasculatures. Future studies are needed to address the mechanistic basis of these differential findings, particularly as it relates to local hemodynamics in the skeletal muscle vasculature.
Perspectives
Our data suggest the hypothesis that the vascular dysfunction associated with insulin resistance is localized to the skeletal muscle vascular beds perfusing fast-twitch, but not slowtwitch, fibers. This likely contributes to the attenuated skeletal muscle blood flow and oxygen consumption kinetics noted in insulin resistance patients and animals (6, 14, 28, 46) ; however, the determination of fiber type effects in patients is hindered by the mixed fiber-type nature of human muscle. If this hypothesis is true and exercise can restore endothelial function in all resistance arteries, this should have a significant impact on exercise prescription for patients with insulin resistance that currently consists of 150 min/wk of moderate physical activity (i.e., aerobic training) (2) . Recent data, however, suggest that high-intensity exercise that recruits fast-twitch fibers may have more beneficial effects on cardiorespiratory and metabolic fitness in patients with insulin resistance (9, 27) . With regard to the present study, it remains unclear whether wheel running activity is more similar to endurance or interval sprint training. It may represent a hybrid activity, given that OLETF rats housed with a running wheel are active in frequent short (Ͻ1 min) bursts of activity similar to interval sprint training protocols, and we estimate that these animals run at an average speed of ϳ35 m/min, similar to speeds used in endurance training protocols. Our finding of a 32% increase of citrate synthase activity in the red portion of the gastrocnemius muscle of OPA animals demonstrates some endurance training-like adaptations. Thus wheel running activity presents an activity regimen that is difficult to define with regard to classical rat treadmill training protocols. Regardless, since it is reasonable to expect that wheel running increases blood flow through the GFA, we speculate that the absence of physical activity and these increases of GFA flow in OSED animals is a primary mechanism accounting for the enhanced vulnerability of this vessel to the dysfunction associated with insulin resistance. Future work is necessary, however, to more clearly examine the intricacies of this issue.
Conclusions
Findings from this investigation reveal, for the first time, that feed arteries perfusing a muscle composed primarily of slowtwitch fibers (i.e., soleus) demonstrate a reduced vulnerability to the development of dysfunction in insulin-resistant rats than do feed arteries of predominantly fast-twitch muscle (i.e., gastrocnemius). This vascular dysfunction is characterized, in part, by reduced NO bioavailability and enhanced ET-1-mediated vasoconstriction. Furthermore, our data reveal that spontaneous wheel running activity is sufficient to prevent the development of endothelial dysfunction in GFAs. We assert that an underlying contributor to the nonuniform development of dysfunction in the GFA and SFA is differential local hemodynamic environments in these vessels that are made qualitatively more similar during physical activity.
